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f ~ 92˚ (New Horizons LORRI & MVIC)
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Global IR-B-V color map  
(Schenk, Atlas of the Galilean 
Satellites, 2011)
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Enceladus plume and 
geophysical models 

•  Extend and explain spacecraft 
observations 

•  Test plausible hypotheses 
•  Provide information on history and 

evolution 



Flexible & Comprehensive 
Cassini Enceladus 

Observations 
•  Combine monitoring, remote sensing 

and in-situ measurements 
•  Provide multiple approaches to 

determine habitability 
•  Provide a good estimate of plume risk 
•  Identify possible future exploration 

locations 



Enceladus Plume: 
Structure, Composition, 

Variability, Hazards 
 

Larry W. Esposito 
2 June 2014 



Solar Occultation Geometry 

The sun was occulted by Enceladus  plume 18 May 2010  
Two science objectives enabled by solar (rather than stellar) occultation: 

 1.  Composition of the plume 
  New wavelength range 
 2.  Structure of the jets and plume 
  Higher spatial resolution 



Enceladus  
Plume Composition 

•  UVIS solar occ 
finds water 
amount same 
as from star 
occ s 

•  Nitrogen upper 
limit: 0.3% 



Plume Structure and Jets 

Plume 

Jets 

Density in jets ~2x density in 
background plume 



3D distribution of water 
molecules from Enceladus 



Number of dangerous 
particles 

•  Calculate the predicted number of hits 
by dangerous particles (r > 900 
microns) if spacecraft flew a path with 
same altitude as at Enceladus: 

•  ND = f1* (4-q)/(q-1) * 
   a0

3/(amax
4-q - amin

4-q) * 
(a*

1-q - amax
1-q) 







The Enceladus Ice Plume  
 

Frank Postberg, Univ. Heidelberg & Stuttgart 
 
  
 

  Total ice particle emission:              
10 – 50 kg/s (CDA), up to 100 kg/s (ISS)  5 – 50% of  gas flow ( 200 kg/s) 

  Size distribution in plume:        
power law with slope of  about 4 (VIMS, CDA, ISS) 

  Most particles r < 1µm  / some 1 -  5µm / none r > 10µm 

  Ejection speed moderated by wall collisions in the vents:   

  Ice:   V_e < 400 m/s        (escape speed 250 m/s) 
  Gas:  V_e = 400 – 1500 m/s  

  Generation of  ice grains: 

  (comet-like fragmentation of  solid ice) 

  homogenous nucleation in the vent 

  heterogeneous nucleation 



 Homogeneous Nucleation in the Vents 
Schmidt et al. (2008) 

 

  Spontaneous vapour nucleation 
when gas flow becomes supersonic 

  Inherits refractory part of  vapour 
composition 

  Very well reproduces abundance and 
sizes of  particle population up to 
about r =1.5 µm 

  Underestimates abundance of  
particles r ≥ 2µm (Hedman et al., 2009) 

  Ejected with rel. fast speed 

  Particles dominant in fast jets & high 
altitudes & E ring 



 Heterogeneous Nucleation 
Postberg et al. (2009) 

 

  Ice grains grow from nucleation 
core 

  Aerosol-like spray above liquid 
(sub-µm - few µm)  

  Inherits composition of  subsurface 
water 

  Starts with rel. large nucleation 
cores  produces larger grains 
than homogenous nucleation 

  Mostly ejected at slower speed than 
smaller vapour nucleated grains 

  Particles abundant at low altitudes 
(< 50km),  depleted at high 
altitudes & E ring 



CDA: Compositional Types of Icy Grains  
Hillier et al. (2007); Postberg et al. (2008, 2009, 2011) 

•  Type I   Small / almost pure water ice + salt poor 

   →  Homogeneous nucleation 

 

•  Type II   Larger / Water ice with organics + mostly salt poor 
   →  Mostly homogeneous nucleation (?) 

 

•  Type III   Largest / salty water ice (0.5 - 2% NaCl, NaHCO3/Na2CO3, KCl) 
   →  Heterogeneous nucleation from aerosol spray above liquid water 

Large grains are slow 

Small grains are fast 

Size 

J. Schmidt (2010), Kempf  et al. (2010)
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Structure of Enceladus  
Plume from Cassini-VIMS  
 

Spectra measure the integrated 
brightness along horizontal slices 
through the plume  



d(
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) 
d(

r,s
) 

d(
r,s
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Cube 1 Cube 2 Cube 3 

These spectra can be 
used to determine the 
particles  spatial 
distribution and 
launch velocity 
distribution. 
 
Note the density of 
larger particles falls 
off more steeply  





Z=[z/(249 km+z)]1/2 







 

 



Enceladus Thermal:  
Kickoff Slides 

John Spencer 
 

Europa Plume Workshop 
June 2nd 2014 



Enceladus Plume Source: 
Thermal Signature 

•  ~4.5 GW of emission from the tiger 
stripes at 4 – 200 µm (Spencer et al. 
2013) 

•  Possibly many more GW radiated at low 
temperatures between the tiger stripes? 

•  Peak temperatures ~200 K (Goguen et 
al. 2013) 

•  Narrowly confined to fractures 
•  Warm regions 100s of meters wide 
•  Active fissures ~few meters wide 

•  Nearly continuous emission along-
strike, but large variations on scales 
down to sub- kilometer 

•  Nearly 1:1 correlation between 
thermal emission and plume activity 

•  Some evidence for cooler, dormant 
fractures, however 
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Understanding the Thermal Signature 
•  Consistent (to first order) with conductive 

heating of walls of a uniform-temperature 
fissure (Abramov and Spencer 2009) 

•  Fissure temperature ~200 K (Goguen et al. 
2013) 

•  Several active fissures are required in the most 
active regions to match the emission amplitude 
•  Thermal signature will persist for decades 

(Abramov and Spencer 2008, 2009) 
•  Typical radiated powers of ~10 MW/km can be 

matched by condensation of water vapor onto 
fracture walls (Ingersoll and Pankine 2011) 

•  Several fractures required in most active regions 
•  Condensation seals fractures on ~1 year 

timescales 



Application to Europa 
•  Thermal mapping pinpoints plume 

source sites, and other activity sites, 
without requiring special limb geometries  

•  Signature likely to persist for years even 
if plume activity is intermittent 

•  Provides unique information on plume 
source conditions 

•  Thermal mapping of Europa is patchy 
and low-resolution 

•  Enceladus-like thermal anomalies, including in 
the southern plume  area, could easily go 
undetected 

1000 K 

100 K 

300 K 

Minimum 
detectable 
temp, 100 
km2 area 

Rathbun et al. 2010 

Enceladus 



Lessons Learned at Enceladus for 
Application at Europa : Geophysical 

Perspectives 



When are fractures open on Europa? 

Eccentricity tides (neglects obliquity, forced librations) 



Europa polar fractures 

Fractures polewards of 60o, 
 normalized stress > 0.4 
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Behavior not consistent for same true anomaly 
Perhaps infrequent outbursts like Io? 



Time Variability at Enceladus 

Consistent pattern (+stochastic events?), secular trend? 
Broadly consistent with Hurford et al. (2007) model 
Details not understood (librations, obliquity, time delay?) 



Enceladus 
vesc=235 m/s Europa 

vesc=2.0 km/s 

252 km 

~400 m/s 
~30 km 

~200 km 
~600 m/s (?) 

1560 km 

~1015 m-3 

(3x106 kg) ~500 km 

100 km 

~1015 m-3 

(104 kg) 

•  High inferred vapour velocity implies local high T (230 
K), ρ�

•  But number density is low => narrow, warm vents 
•  Not detectable with PPR (~10-2 GW) 
•  Fallback rate ~ 3000 kg/s (?!) 



High Phase Imaging 

•  Forward scattering of light at angles > 135o 

•  Allows tenuous eruptions to be observed 



Time-varying stresses 

Looking down on 
the orbit plane 

Pericentre 1/6 orbit later Apocentre 

Tension 

Compression 
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Enceladus 
Orbital period 33 hours 











 

 

 











 Astrobiology Presentations

  Europa Plume Advisory meeting, session summary
                              June 3, 2014

                                Summary prepared by Jeff Kargel

 

                   
          

Tim Cassidy– Atmospheres 
Chris Glein– Ocean compositions, Enceladus, Earth, Europa
Kevin Hand-- Astrobiology
Ralph Lorenz-- Astrobiology
Jeff Kargel– Europa ocean composition
Steve Vance– Plume/ocean chemistry links, Hydrothermal 
chemistry and thermohaline layering in Europa’s ocean
             

               



   

What are the compositional and process links 
amongst the ocean, deep rocky interior, seafloor, 
icy shell, surface, and plume?

How do cation and anion abundances and ratios
constrain shell thickness, ocean thickness, ocean
pH and Eh, seafloor crust/ocean interaction?

What/if any gases are available to drive plume 
expulsion?

What processes cause ocean thermohaline strati-
fication, and what processes mix it up?

Jeff Kargel



Tim Cassidy



Tim Cassidy



Chris Glein

Enceladus ocean Eh-pH modeled from subset of Cassini INMS/SDA plume data:
 



Chris Glein

Enceladus ocean Eh-pH modeled from subset of Cassini INMS/SDA plume data:
 



Chris Glein



Kevin Hand



Kevin Hand



Kevin Hand

Organics are important chemical constituents of an ocean, important 
For prebiotic chemistry and life itself.  But can we believe some 
organic detections? We need to do better than Galileo and Cassini 
when we go Europa.



1.0 Faults and
fractures

Brine-filled fractures
or other intra-
crustal brine bodies

Plume
H2O-Na-K-Mg-Fe-H
Cl-SO4-gases
(not necessarily
always H2O-OH-H-O—
Non-Io material may 
be key to distinguish Io
vs. Europa sources))

Modified from Zolotov & Kargel 2009

                      Jeff Kargel
Possibility of thermohaline stratification and influences 
on ocean circulation and thermochemical heterogeneity



    Suboceanic crustal structure may be complex
Jeff Kargel

MS11-Meridioniite? MS11-Meridioniite?



Steve Vance



                  Steve Vance
Summarizing work by Misha Zolotov in 
Zolotov (2007, 2008, and Zolotov and Kargel 2009)

Europa Europa Enceladus



               

ASTROBIOLOGY SESSION HIGHPOINTS/SUMMARY

There seems to be a scientific consensus that the reported Europa plume is an extremely 
important finding, is compelling but not convincing.  What has been reported does not lend 
itself to making strong predictions about the plume’s existence, timing, or locations.

Enceladus appears to be a great or at least popular analog model.  Io plumes may have some 
things to teach us about how to do plume studies.  Tenuous atmosphere is important, as it 
affects the ability of the magnetosphere to alter the surface and thus affect what we see 
(Cassidy).

Trace species seen on Enceladus’s surface (e.g., 3.44 μm feature indicating organics) is weak at 
best– not a great detection.  Require better reflectance spectroscopy (Hand).

Enceladus ocean Eh not well constrained but might be reducing (CH4 and NH3) (Glein).

Enceladus ocean pH is likely to be alkaline (pH ~12), buffered by carbonate-bicarbonate 
(Glein). (Kargel: Close to where free ammonia may exist– maybe (also) buffering by 
ammonia-ammonium equilibria?

Ocean pH and Eh discriminants identified (Glein, Hand). 

Ocean composition, temperature, ice shell thickness are interdependent (Vance, Kargel).  

Ocean circulation and thermohaline layering are unknowns (Kargel, Zolotov, Vance).

Suboceanic crustal structure may be complex and is not known, e.g., volcanic rocks vs altered 
serpentinite mud vs. thick salt beds. (Glein, Hand, Vance, Kargel).



               

We all love water-based plumes,
especially if they derive from an ocean, especially 
if the plumes shoot up small anchovies
(just not onto my pizza, please).

Beware, stealth plumes may lurk!

Maybe CO or CO2 or H2 plumes. They may or 
may not be linked to an ocean, maybe are linked 
to clathrates or degassing from other reservoirs 
and non-ocean processes. (But they would be 
interesting too.)
(Glein, Kargel)



               

ASTROBIOLOGY SESSION HIGHPOINTS/SUMMARY/DISCUSSION

We should learn from Cassini’s successes (and shortcomings) with Enceladus plumes:

1.  A multi-instrument perspective of the plume is valuable. Improved UV/VIS/NIR/SWIR 
spectroscopy– must do better than Cassini (i.e., 3.4 μm feature).  Neutral/ion mass spectroscopy.  
Magnetosphere measurements.  Microwave probing is super sensitive to water.  Thermal 
imaging.  Stand-off imaging (Al McEwen call-in).

2.  Nimble mission planning/flexibility is needed to take advantage of unexpected finds.
3.  CAUTION: Rosaly Lopes urged  against “fishing expedition” (echoed by several people).  This 

does not mean to 
4.  We need the right balance between promoting and facilitating plume investigations with the 

right instrument suite, but we should not unravel and re-orient a mission to go after plumes that 
may or may not exist or which are not at this time predictable in time and space (expect some 
heat about what instrument suite to fly!).

5.  Mission safety should consider the possible plumes, but over-conservatism is to be avoided (note 
Galileo plume fly-through at Io, Cassini plume fly-throughs at Enceladus– they survived-- 
Lorenz and others).

6.  Ralph Lorenz (paraphrased and interpreted by Jeff Kargel, so blame me if it’s not exactly what 
he meant): Flying through a Europa plume may give us what we need, and it’s what we want to 
do.  This Europa mission (whichever is to be selected) will not be a life detection mission, but a 
habitability assessment.  A useful gedankenexperiment is to imagine the challenge of nailing 
down Earth’s ocean conditions, inorganic chemistry, prebiotic chemistry, and physical 
chemistry (and life itself) if we had a spaceflight through an imaginary plume of Earth’s 
seawater, as seen from space using Cassini-like observational capabilities; we could do a lot, but 
there would be some big challenges to learn about Earth what we want to know about Europa.
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